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Summary
Inactivation of Staphylococcus aureus and Escherichia coli in milk containing 4 % milk fat
was carried out using a 20 kHz power ultrasound. The experiments were planned and
performed according to the statistical experimental design. Specifically, central composite
design was used to optimize and design three experimental parameters: temperature (20,
40 and 60 °C), amplitude (60, 90 and 120 mm) and treatment time (6, 9 and 12 min). It was
found that Gram-negative bacteria (Escherichia coli; D120 mm=2.78 min at 60 °C) are more
susceptible to the ultrasonic treatment than Gram-positive bacteria (Staphylococcus aureus;
D120 mm=4.80 at 60 °C). Nevertheless, all three parameters studied seem to substantially affect
the inactivation of both Staphylococcus aureus and Escherichia coli in milk using ultrasonic
treatment. The results also indicate increased inactivation of microorganisms under longer
period of treatments, particularly in combination with higher temperature and/or ampli-
tude.
Key words: milk, high intensity ultrasound, Staphylococcus aureus, Escherichia coli, response
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Introduction
Milk is an important source of protein and a world-
wide product with high commercial demand. Because it
is consumed daily by a large number of consumers, its
sensory and microbiological characteristics are of ex-
treme importance. Pasteurization is a common thermal
process used to inactivate pathogenic bacteria and some
enzymes in milk. However, due to the high temperature
used in the process, the nutritional and sensory proper-
ties of the pasteurized milk might be somewhat altered.
Thus, there is an increased demand for new methods that
will have a reduced impact on the nutritional content
and the overall food quality.
Recently, several new preservation techniques have
been developed that eliminate microbial activity while
significantly reducing or completely eliminating the
amount of heat required. These processes are, for the
most part, less energy-intensive and therefore more cost-
-efficient and environmentally friendly than convention-
al thermal processing. Some of the common nonthermal
alternatives to conventional thermal processing of foods
include pulsed electric field inactivation, pulsed light in-
activation, high pressure and ultrasonication (1).
Investigation of the ultrasonication as a potential
microbial inactivation method began in the 1960s, after
it was discovered that sound waves used in anti-sub-
marine warfare killed fish (2).
When sound waves pass through a liquid, in each
part of the liquid consecutive compression and rarefac-
tion (expansion) cycles take place. Because the acoustic
energy cannot be absorbed by molecules during the
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rarefaction cycle of the sound wave, the liquid is pulled
apart, which generates a void and induces cavitation, the
formation of small gaseous (micro) bubbles. The cavita-
tion process is characterized by two stages: (i) rapid in-
crease in the size of microbubble, and (ii) fast bubble
collapse and the formation of a 'hot spot', high-tempera-
ture residual bubble. The implosive collapse of the bubble
raises the local temperature to at least 5500 °C and pres-
sures up to 50 kPa. Consequently, under these extreme
conditions, vapourized molecules are dissociated into free
radicals and rapidly cooled (109 °C/s). The collisions
between the collapsing bubbles result in the formation
of shock waves. Clearly, the effect the ultrasound will
have on the treated solution will depend on the number
and intensity of bubble implosion per unit of time, the
characteristics of the treatment and the characteristics of
the treatment media (3).
When microorganisms are present in the bulk liq-
uid, microbial killing is believed to occur due to the
thinning of cell membranes, localized heating and the
production of free radicals (4–12).
As an example, microbial inactivation using ultra-
sound has been investigated for application to a range
of liquid foodstuffs. Levels of E. coli O157:H7 were re-
duced by 5 log CFU/mL with ultrasound and mild heat-
ing in apple cider (13) and the inactivation of E. coli K12
was enhanced using ultrasound at ambient temperature
(14). Dehghani (15) investigated the effectiveness of so-
nication as a disinfection method and found a strong in-
fluence of ultrasound on the disruption of E. coli in water.
In milk and under mild heating, D'Amico et al. (13) found
that ultrasound reduces the levels of Listeria monocyto-
genes by 5 log CFU/mL. Knorr et al. (16) evaluated the
effects of continuous flow ultrasound combined with tem-
perature treatment on bacterial decontamination (E. coli
and Lactobacillus acidophilus) of model suspensions and
various liquid food systems including milk, fruit and
vegetable juices. The results were compared with conven-
tional heating where it was shown that ultrasound-assist-
ed thermal processing of liquid food can be achieved at
lower temperatures and result in further quality advan-
tages.
The objective of this work is to investigate the effect
of high intensity ultrasound on the amount of Staphylo-
coccus aureus and Escherichia coli in milk after ultrasonic
treatment. The effect of various parameters (treatment
time, amplitude and temperature) on the inactivation of
the bacteria was studied experimentally and according
to the statistical experimental design.
Materials and Methods
Milk samples
Prior to use, raw cow’s milk with 4 % of milk fat
was kept refrigerated at 4 °C. The initial microbial load
of S. aureus and E. coli was tested in all milk samples:
raw milk (R), sonicated (20 °C) or thermosonicated (40
and 60 °C) (A1–A16). All analyses were performed im-
mediately after ultrasound treatment, and they were all
done at least in triplicate for each experiment.
Microbiological analysis
The load of E. coli and S. aureus in raw and sonicat-
ed milk was determined in undiluted samples or in serial
dilutions in peptone water (0.1 %). E. coli were enumer-
ated by spreading the decimal dilution of 0.1 mL of the
sample using the Dragalsky stick on the surface of chro-
mogen medium in Petri dish (Coli ID, bioMérieux, Marcy
l'Etoile, France). The samples were incubated at (44±1)
°C for 24 h. The result (in CFU/mL) was calculated by
counting the red colonies (17).
S. aureus were enumerated by spreading the decimal
dilution of 0.1 mL of the sample using the Dragalsky
stick on the surface of Baird Parker agar. The samples
were incubated at (37±1) °C for 24 h. The result (in
CFU/mL) was calculated by counting the colonies (18).
Microbiological analysis was performed after ultrasonic-
ation or thermosonication. All microbiological analyses
for each batch were conducted at least in triplicate for
each experiment.
Ultrasound treatments
Raw milk (200 mL) was placed in a double-walled
vessel (200 mL), which served as the treatment chamber.
An ultrasonic processor (S-4000, Misonix Sonicators, New-
town, CT, USA), set at 600 W, 20 kHz, and 12–260 mm
with a 12-mm diameter probe, was introduced into the
vessel. The same part of the probe was immersed in the
milk (about 2 cm) and placed at the 'centre' of the sample.
Ultrasonications were carried out with 60, 90 and 120
mm amplitude at the temperature of 20 °C. The raw milk
samples were treated by ultrasound for 6, 9 and 12 min.
For the thermosonication experiments, all the samples
were heated at the temperature of 40 or 60 °C before the
ultrasonic treatment. Overheating of the samples during
sonication was prevented by water cooling of the treat-
ment chamber. The final temperature of milk after sonic-
ation at 40 or 60 °C was ±1 °C.
Determination of acoustic power and efficacy of
ultrasonic treatments in terms of the elimination
of microbes
The most widely accepted method for determining
the power of an acoustic horn in an aqueous solution is
the calorimetric technique described by Margulis and Mar-
gulis (19). This method involves taking a known volume
of water and applying ultrasound (for ~3 min) while mo-
nitoring the change in temperature with time at various
ultrasonic amplitudes. The ultrasonic power P and the










where P is the ultrasonic power (W), m is the mass of
the sample (kg), Cp is the specific heat capacity of milk
(kJ/(kg·°C)), AI is the ultrasonic intensity (W/cm2), and
A is the surface area of the probe (cm2).
The efficiency of ultrasonic treatment in terms of mi-
crobial reduction was measured by the decimal reduc-
tion time (D). D value is defined as the time (min)
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required to reduce the number of viable cells by one log
cycle or the time required to kill 90 % of population at a
given temperature and sonic wave amplitude. D values
were calculated from the slope of the regression line
obtained from the straight portion of the survival curve
of the counts (CFU/mL). In this study, the D value at 20











where N0 is the number of S. aureus or E. coli before the
ultrasonic treatment, N1 is the number of S. aureus or E.
coli after the ultrasonic treatment at time t and Dus is the
decimal reduction time (min).
Experimental methodology
In order to determine the influence of the operation-
al parameters on the count of S. aureus and E. coli, cen-
tral composite design (CCD) (STATGRAPHICS Centu-
rion, StatPoint Technologies, Inc, Richmond, VA, USA)
and face-centred model were used (20). Because CCD
requires the choice of operational parameters, the authors
have chosen to study the effects of amplitude (mm), tem-
perature (°C), and treatment time (min). Analysis of var-
iance (ANOVA) was carried out to determine any signi-
ficant differences (p<0.05) among the applied treatments.
The operating variables were considered at three levels,
namely low (–1), central (0) and high (1). Accordingly,
16 experiments were conducted organized in a factorial
design (including factorial points, axial points and centre
point), and the remaining experiment involving the re-
plication of the central point to get a good estimate of
experimental error. Response (output) values were total
S. aureus and E. coli count in log CFU/mL.
The designs were based on a two-level full factorial
design and augmented with centre and star points (21–
23). The total number of experiments of the designs (N)
was calculated as follows:
N=Ni+No+Nj /4/
where Ni=2
n is the number of experiments of the two-
-level full factorial design, No is the number of centre
points, and Nj=2·n is the number of star points.
Response surface methodology
The experimental results were analyzed by response
surface methodology (RSM) using the STATGRAPHICS
Centurion software. Specifically, the RSM was used to
study the effect of three different ultrasonic parameters:
amplitude – X1 (mm), temperature – X2 (°C) and treat-
ment time – X3 (min). In order to optimize the ultrasonic
treatment and to investigate the effects of the three in-
dependent variables on the count of S. aureus and E. coli,
a central composite rotatable design with the variables
at three levels was used in the experiments (Table 1).
Design matrix for the experiment as well as the regres-
sion model proposed for the response is given by the
following equation (24):
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where b0 is the value of the fixed response at the central
point of the experiment (point 0, 0, 0); bi, bii and bij are
the linear, quadratic and cross-product coefficients, re-
spectively (25). The model was fitted by multiple linear
regressions (MLR). The validity of the quadratic empiri-
cal model was tested with analysis of variance (ANOVA).
The confidence level used was 95 %.
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R – – –
A1 60 12 20 53.98 58.548
A2 90 6 40 29.84 15.527
A3 120 6 20 27.84 21.521
A4 120 6 60 24.97 19.145
A5 90 9 60 50.08 38.136
A6 60 6 60 26.06 13.436
A7 120 12 60 54.59 60.125
A8 90 9 40 49.85 36.836
A9 60 9 40 41.13 28.392
A10 90 12 40 55.13 62.873
A11 120 12 20 57.49 64.348
A12 90 9 40 49.85 36.836
A13 60 6 20 24.99 12.763
A14 90 9 20 49.16 37.011
A15 120 9 40 52.16 43.084
A16 60 12 60 52.26 64.423
Results and Discussion
The amount of Staphylococcus aureus and Escherichia
coli in milk after ultrasonic treatment was analyzed by
response surface methodology (RSM) using the STAT-
GRAPHICS Centurion software. According to the RSM
model, the count of S. aureus in milk (SA) can be de-
scribed by a polynomial whose parameters are denoted





The predicted model for the count of E. coli in milk




where EC is the count of E. coli, TT is the treatment time
(min), T is temperature (°C) and A is the amplitude (mm).
The initial count of S. aureus in raw milk before the
processing was 2.10 log CFU/mL. According to the na-
tional sanitary standards, the acceptable amount of S. au-
reus in the pasteurized milk is less than 1.0 log CFU/mL
(26).
According to Table 2, after ultrasonic treatment of
milk containing S. aureus at 20 °C, the plate count of
sample A3 was reduced for about 0.22 log CFU/mL,
whereas the count of sample A13 was 0.09 log CFU/mL.
Significant difference in the plate count reduction of S.
aureus between the two samples is a result of different
amplitudes of the applied ultrasound. Overall, this re-
sult demonstrates that ultrasonic treatment at ambient
temperature (20 °C) for 6 min is not effective enough to
reduce the count of S. aureus to the level determined by
the Regulation for quality of milk and milk products (26).
However, even though an increase in the treatment time
from 6 to 9 (A14) and 12 min (A1 and A11) increased the
reduction of S. aureus, the final count in those samples
was still higher than the one required by the regulations.
Next set of experiments demonstrated that only
higher temperatures can lead to an increase in the re-
duction of S. aureus in milk. Thus in samples A5, A7,
A10 and A16 (Table 2) the plate count of S. aureus was
0.83, 0.61, 0.79 and 0.73 log CFU/mL respectively, which
is below the maximal acceptable limit determined by the
Regulation.
Maximal inactivation of S. aureus in milk occurred
after a 12-minute ultrasonic treatment at 120 mm am-
plitude and 60 °C (sample A7) (Table 2). Some authors
have suggested that the efficiency of the ultrasonic treat-
ment for killing the bacteria by cavitational effects could
be reduced with an increase in temperature (10–12). This
trend could be the result of an increased thermal effect
that either hinders the effect of sonication or decreases
the violence of the bubble implosion due to the in-
creased vapour pressure at higher temperatures (9,27).
However, this behaviour is not in agreement with the
results shown in Table 2. Although the cavitation effect
could be minimised by an increase in temperature, in
the case of milk, the presence of solids in the suspension
could also play an important role and improve the cavi-
tation intensity (7,9,28). Garcia et al. (29), for example,
observed that high temperatures improved the effect of
ultrasound treatment in killing the bacteria in milk since
the z-values of thermosonication and thermal destruc-
tion were very similar. Although the mechanism was not
clear, the results were attributed to the concentration of
solids present in milk. In another study, Ciccolini et al.
(30) investigated the survival of S. cerevisiae suspended
in water at 45, 50 and 55 °C at different ultrasonic
powers. They found that the application of ultrasonic
waves at the non-lethal temperature (45 °C) did not
display the deactivation while the higher temperatures
indicated the synergy between the ultrasound and the
heat.
The initial count of E. coli in raw milk before the
ultrasonic processing was 3.60 log CFU/mL. After treat-
ing the milk for 6 min at 20 °C, the initial count of E. coli
was reduced to 2.26 (A3) and 2.06 log CFU/mL (A13)
(Table 2). As it was the case with S. aureus, the level of
E. coli inactivation was enhanced at higher temperatures
(40 and 60 °C) and higher amplitudes.
Specifically, the initial counts of E. coli were reduced
between log 3.98 and log 4.27 after a 12-minute treatment
at 60 °C, depending on the wave amplitude (Table 2).
This result is in agreement with the findings of Cameron
et al. (5) in terms of the reduction of E. coli (log 4.42)
achieved after ultrasonic treatment of milk. Contrarily,
D'Amico et al. (13) reported a log 4.63 reduction in vi-
able E. coli cells after 6 min of sonication at 20 °C, which
was not observed in this study. However, they used a
higher frequency (24 kHz), larger probe (22 mm in dia-
meter) and a smaller sample volume in their study. These
differences may account for the different reduction values
reported in this study.
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R 2.10 – 3.60 –
A1 1.32 0.78 1.37 2.23
A2 1.71 0.39 1.68 1.92
A3 1.88 0.22 2.26 1.34
A4 1.43 0.67 1.33 2.27
A5 0.83 1.27 0.73 2.87
A6 1.63 0.47 1.47 2.13
A7 0.61 1.49 0.53 3.07
A8 1.21 0.89 1.16 2.44
A9 1.35 0.75 1.29 2.31
A10 0.79 1.31 0.78 2.78
A11 1.16 0.94 1.11 2.49
A12 1.21 0.89 1.16 2.44
A13 2.01 0.09 2.06 1.54
A14 1.67 0.43 1.56 2.04
A15 1.14 1.00 1.02 2.58
A16 0.73 1.37 0.62 2.98
According to the equation given by Margulis and
Margulis (19), the value of ultrasonic intensity AI (de-
fined as the power of probe per unit of the probe area,
W/cm2) can be used to determine the effect of the cavi-
tation and microstreaming on the inactivation of E. coli
and S. aureus in milk. Thus, by the comparison of the
acoustic intensity (AI) values in Table 1 with the results
given in Table 2, direct correlation between the extent of
deactivation and the ultrasonic intensity can be seen. Simi-
larly, the comparison of the AI values with the D values
given in Table 3 demonstrates that the time for decimal
reduction (Dus) at the specific amplitude (60, 90 and 120
mm) of ultrasound is proportional to the applied inten-
sity. At the lowest temperature (20 °C), the D values were
between 14.27 and 13.73 for S. aureus and 11.21 and 10.80
for E. coli, depending on the applied wave amplitude
(60, 90 or 120 mm). When the treatment temperature was
increased to 40 °C, compared to 20 °C, D values for the
thermosonication decreased by approx. 25 % for S. au-
reus and 20 % for E. coli. The lowest decimal reduction
time in the ultrasound treatment at the amplitude of 120
mm (D120) and temperature of 60 °C was 4.80 min for S.
aureus and 2.78 min for E. coli (Table 3), when the in-
tensity of the applied ultrasound was maximal at 57.49
W/cm2 but delivered energy was 64.423 J (Table 1). Very
little information is found in the literature on the influ-
ence of the wave amplitude on microorganism inacti-
vation. Nevertheless, it has been reported that the inten-
sity of ultrasound is directly related to the amplitude:
when ultrasound amplitude increases, the zone under-
going cavitation increases, leading to more inactivation
(29,31,32).
Scherba et al. (33) did not find any differences in the
resistance to ultrasound between the Gram-negative, rod-
-shaped bacteria and the Gram-positive, coccus-shaped
bacteria. In contrast, some authors have suggested that
Gram-negative bacteria are more sensitive than Gram-
-positive (7,10). The results of this study demonstrate
that Gram-negative bacteria (E. coli; D120 mm=2.78 min at
60 °C) are more susceptible to the ultrasonic treatment
than Gram-positive (S. aureus; D120 mm=4.80 at 60 °C)
(Table 3). Gram-positive bacteria (S. aureus) usually have
a thicker and more tightly adherent layer of peptidogly-
can than Gram-negative (E. coli) bacteria, and this mor-
phological feature did seem to be a differentiating factor
in ranking the microorganisms according to the percent-
age of bacteria killed by ultrasonic treatment (6).
The estimated effects of each operating variable and
an analysis of variance for the model are presented in
Tables 4 and 5. According to the ANOVA results, the
fitted model was significant at considered confidence
level since the F-value was more than three times higher
than that of the listed F-value. In order to determine the
significance of the effect, the values of the p-value in
Tables 4 and 5 need to be observed. Indeed, a p-value
lower than 0.05 indicates that the considered factor is
significant for the count of S. aureus and E. coli in milk.
Surface plots showing the counts of S. aureus and E. coli
as a function of the treatment time and the amplitude
are given in Figs. 1 and 2, respectively. It can be ob-
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Table 3. D values after ultrasound treatments at amplitudes of









20 14.27 14.07 13.73
40 10.67 10.59 10.38
60 4.83 4.85 4.80
Escherichia
coli
20 11.21 11.30 10.80
40 9.04 8.93 8.88
60 2.95 2.80 2.78
Table 4. Analysis of variance (ANOVA) for ultrasound treatments






A: amplitude 0.06724 1 0.06724 6.86 0.0396
B: treatment
time
1.64025 1 1.64025 167.30 0.0000
C: temperature 0.78961 1 0.78961 80.54 0.0001
AA 0.00505611 1 0.00505611 0.52 0.4997
AB 0.0003125 1 0.0003125 0.03 0.8642
AC 0.0001125 1 0.0001125 0.01 0.9182
BB 0.00627657 1 0.00627657 0.64 0.4541
BC 0.0120125 1 0.0120125 1.23 0.3107
CC 0.00627657 1 0.00627657 0.64 0.4541
Total error 0.0588246 6 0.00980409
Total (corr.) 2.6167 15
R-squared=97.752 %
R-squared (adjusted for df)=94.3799 %
Standard error of estimate=0.0990156
Mean absolute error=0.0452328
Durbin-Watson statistics=1.79552 (p=0.5797)
Lag 1 residual autocorrelation=0.0634847
Table 5. Analysis of variance (ANOVA) for ultrasound treatments





A: amplitude 0.09216 1 0.09216 34.40 0.0011
B: treatment
time
1.92721 1 1.92721 719.34 0.0000
C: temperature 1.35424 1 1.35424 505.47 0.0000
AA 0.00668213 1 0.00668213 2.49 0.1654
AB 0.0000125 1 0.0000125 0.00 0.9478
AC 0.0066125 1 0.0066125 2.47 0.1672
BB 0.0414208 1 0.0414208 15.46 0.0077
BC 0.0045125 1 0.0045125 1.68 0.2420
CC 0.00429122 1 0.00429122 1.60 0.2526
Total error 0.0160749 6 0.00267915
Total (corr.) 3.52224 15
R-squared=99.5436 %
R-squared (adjusted for df)=98.859 %
Standard error of estimate=0.0517605
Mean absolute error=0.0257931
Durbin-Watson statistics=2.05114 (p=0.7815)
Lag 1 residual autocorrelation=–0.102588
served that the count of S. aureus is the lowest after the
treatment time of 12 min, temperature of 59.99 °C and at
amplitude of 117.27 mm (Table 6). Similarly, Fig. 2 reveals
that the count of E. coli was the lowest after the treat-
ment time of 12 min, temperature of 59.99 °C and at am-
plitude of 110.41 mm (Table 7). At shorter treatment
times and lower temperatures, the count of S. aureus and
E. coli is higher. As discussed, this behaviour can be ex-
plained by the decreased cavitation effects and micro-
streaming with shorter treatment times.
Conclusions
The aim of the study was to investigate the effect of
ultrasound and temperature on bacterial inactivation.
Results of this investigation of the effect of combination
of ultrasound and heat treatment vs. ultrasound treat-
ment alone on the inactivation of Escherichia coli and Sta-
phylococcus aureus in milk clearly indicate improved in-
activation of both bacteria by the combined treatment.
The parameters that seem to substantially affect the in-
activation of E. coli and S. aureus in milk are the ampli-
tude of the ultrasonic waves, the exposure/contact time
with the microorganisms, and the temperature of the
treatment. The results also indicate an increased inacti-
vation of microorganisms under longer treatment times,
higher temperatures and higher amplitudes applied. It
was found that Gram-negative bacteria (E. coli) are more
susceptible to the ultrasonic treatment than the Gram-
-positive ones (S. aureus). Output optimal values for
achieving the maximum inactivation of E. coli and S.
aureus were determined by STATGRAPHICS: tempera-
ture of 59.99 °C, treatment time of 12 min, and ampli-
tude of 117.27 mm for S. aureus and of 110.41 mm for E.
coli.
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Fig. 1. Surface plot for Staphylococus aureus count at the opti-






























Fig. 2. Surface plot for Escherichia coli count at the optimum
temperature (60 °C)
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